ABSTRACT The aim of this research was to assess the larval instar number of Pissodes castaneus (De Geer) and to facilitate the study of its biology by identifying a reliable method to determine the instar of individual larvae. The larvae of this weevil were collected in central Italy in 2004, and their head capsules were measured by means of a binocular microscope. Head capsule width and length data were analyzed using Hcap, a computer program that use the distribution of size measures to determine instar separation rules. To determine instar number, the Gaines and Campbell method, which represents the perfect geometric progression of size measures (DyarÕs rule) by a regression line, was also used. This study identiÞed four larval instars of P. castaneus and found that head capsule widths and lengths followed DyarÕs rule and reliably distinguished instars.
Pissodes castaneus (De Geer) (Coleoptera: Curculionidae) is an important pest of the Pinus species; the weevil is widely distributed in Europe and also is present in Siberia, North Africa (Bichão et al. 2003) , Turkey (Tozlu 2001) , and South America (Abgrall et al. 2000) . The biology of P. castaneus has been studied in France and Spain, but it has been less investigated in Italy, where it is a common pest attacking both young and mature trees. To study the biology of insects, it is very important to be able to determine the instar of the larvae, but in the case of xylophagous insects, this is particularly difÞcult. Carle (1967) and Alauzet (1977) indicated four larval instars for this species, whereas Bukzeyeva (1965) described Þve instars. Carle determined the instar number of this weevil examining the frequency distribution of head capsules of larvae collected from infested Pinus pinaster trees in France and of larvae reared on P. pinaster logs. On the contrary, Bukzeyeva (1965) , in Russia, measured only head capsules of larvae reared on pine logs (he did not specify the pine species) artiÞcially infested and maintained in cages placed in natural environment. Alauzet (1977) , in his work, carried out in France, did not describe the methodology used for the instar number determination.
Taking into account that these previous works on P. castaneus are not in agreement to each other about the number of instars of this weevil, the aim of my work was to determine the number of instars of P. castaneus in the area of study and to compare my data with those reported in these works, considering also that geographical differences could occur. In fact, a variable number of instars has been recorded for many insects in relation to various factors, such as temperature (Poitout and Cayrol 1969 , Pipa 1976 , Gomi 2006 ) and host plant (Gaines and Campbell 1935, Drooz 1965) .
The measurement of head capsule width is the most frequently used method to determine the number of larval stages and to classify larvae on the basis of their instar. Several mathematical models have been used to describe changes with instar in head capsule measurements and to evaluate the reliability of head capsule measurements for distinguishing instars: one of the more well-known is the geometric progression, called DyarÕs rule (Dyar 1890) . This rule assumes that size measures of larvae (in particular head capsule widths) of successive instars follow a geometric progression, with constant succeeding growth ratios (mean postmoult size/mean premoult size). DyarÕs rule has been largely used to determine the number of larval instars, and it underwent some modiÞcations in subsequent years (Taylor 1931 , Gaines and Campbell 1935 , Klingenberg and Zimmermann 1992 . Other statistical methods used are based on the assumption that head capsule measures are normally distributed for each instar (Sokal and Rohlf 1995 in Hunt and Chapman 2001) and that each peak, of the resulted multimodal curve, represents a different instar. Frequently data of different instars overlap to some extent so it is difÞcult to determine the appropriate instar for a sampled larva. Various techniques have therefore been applied to estimate the overlap of adjacent instars with the aim of providing a classiÞcation rule for Þeld collected larvae (Fox et al. 1972 , Caltagirone et al. 1983 , Frampton 1986 , Beaver and Sanderson 1989 , McClellan and Logan 1994 , Hunt and Chapman 2001 , Goldson et al. 2001 , Hammack et al. 2003 .
Computer programs have been developed to facilitate the analysis of these data: for example, the PeakFit program (Jandel 1990 in Logan et al. 1998 , applied by Schmidt (1996 in Logan et al. 1998) , and the Hcap program of Logan et al. (1998) were used to analyze frequency distributions of larval head capsule measurements.
In my work, DyarÕs rule and the Hcap program (provided by Logan et al.) were used to determine the number of instars of P. castaneus and to classify each collected larva according to the instar on the basis of head capsule width and length.
Materials and Methods
This study was carried out in 2004 in a forest of Pinus pinaster Aiton located on the Scandicci hills in southwest Florence, Italy, at an altitude of Ϸ350 m above sea level.
Every week, from January to December, logs of attacked P. pinaster were collected and taken to the laboratory. Afterward, the bark was removed to expose individual P. castaneus larvae, and the head capsule of each larva was measured with a binocular microscope equipped with a micrometer. For each larva founded (788 P. castaneus larvae during 2004), head capsule width and length were measured, respectively, at the widest and the longest point.
The data of the head capsule widths and lengths were analyzed using the Hcap program developed by Logan et al. (1998) . The program elaborates a graphic of the frequency distribution of head capsule widths and the user selects the lowest point between two subsequent peaks, which are the initial guesses of separation points between instars; afterward, following the method of analysis described by McClellan and Logan (1994) , Hcap elaborates optimum instar separation points, mean and SD of head capsule widths for each instar, number in each instar, and probabilities of misclassiÞcation. In addition, the method of Gaines and Campbell (1935) , based on the DyarÕs rule, was used to analyze the Þt between instar number (indicated by the Hcap program) and the natural log of mean head capsule measurements. Finally, linear regression analysis (Snedecor and Cochran 1967) was used to establish the relationship between head capsule widths and head capsule lengths.
Results and Discussion
Head capsule widths of P. castaneus larvae measured in 2004 ranged from 240 to 1,680 m, whereas the lengths ranged from 180 to 1,580 m. The frequency distributions of both measures, produced by Hcap are multimodal curves (Figs. 1 and 2 ) and show four modal peaks. Generally, morphological measurements from individuals of the same ontogenetic stage are distributed normally, at least in species that are not sexually dimorphic (Sokal and Rohlf 1995 in Hunt and Chapman 2001); therefore, these peaks probably represent four larval instars. The small probabilities of misclassiÞcation calculated by Hcap, both in the case of widths and lengths, strengthen this hypothesis (Table 1). In fact, all individuals can be classiÞed according to one of four instars with a probability of error Ͻ0.05. The program also calculated mean, SD, and size range for each instar.
These results were also supported by DyarÕs rule (Dyar 1890), which hypothesized a geometric head capsule growth. This rule, developed for lepidopterous larvae and also applied to other insect orders, has been strongly debated, because it gave satisfying results only for some species (Fox et al. 1972 , Caltagirone et al. 1983 , Cave and Smith 1983 , Frampton 1986 , Fig. 3 . Regression relationship between the natural logarithm of the mean larval head-capsule widths and the instar number. Fig. 4 . Regression relationship between the natural logarithm of the mean larval head-capsule lengths and the instar number. Pantoja et al. 1999, Oevering and Pitman 2002) but not for others (Drooz 1965 , Hoxie and Wellso 1974 , Jobin et al. 1992 . As indicated by Gaines and Campbell (1935) , "a perfect geometrical progression of head widths can be represented by a straight line, if the logarithms of the head measurements are plotted against the number of the instars." In this case, the means calculated by Hcap were used, and the resulting linear regression equation was highly signiÞcant (P Ͻ 0.01, r 2 ϭ 0.9985; Fig. 3 ). This rule was also applied to the mean head capsule lengths of P. castaneus, calculated by Hcap, and the signiÞcance of the regression equation was even higher (P Ͻ 0.001, r 2 ϭ 0.9995; Fig. 4 ). The excellent Þt to a linear model, both in the case of widths and lengths, indicates that no instar was overlooked.
On the basis of my results, it seems that the head capsule lengths of P. castaneus larvae were at least as reliable as the widths to determine the larval instars, even if width is the measure that is more frequently used for this purpose. This conclusion was strengthened by the fact that almost all the probabilities of misclassiÞcation were lower when calculated, by Hcap, on the lengths than on the widths (Table 1) . However both measures could be used to determine the P. castaneus larval instars, because they gave similar results; in addition, as one might expect, the regression yielded a highly signiÞcant linear relationship (P Ͻ 0.0001) between these measures (Fig. 5) .
My results regarding the number of instars are in agreement with Carle (1967) , who described four larval instars of the same species by measuring head capsule widths and lengths, and with the subsequent study of Alauzet (1977) , but not with the report of Bukzeyeva (1965) indicating Þve instars. The head capsule size ranges calculated in my work for each instar are very similar to those of Carle and also to those of Bukzeyeva in regard to the Þrst three instars. On the contrary, the head capsule widths of the fourth and the Þfth instar larvae showed by Bukzeyeva correspond to the fourth-instar measurements indicated both in Carle (1967) and here. In addition Carle (1967) reared singly larvae with head capsule widths of fourth and Þfth instars (according to Bukzeyeva) , and he observed that all the larvae were of the last instar; in fact, they pupated in a few days without further molts. This disagreement could be explained by taking into account that geographical differences could inßuence, as already stated, the instar number, as well as host plant, and Bukzeyeva did not specify in his work the pine species used to feed the larvae. In addition, it must be said that the larvae used in my work were collected in a natural environment, as well as part of those measured by Carle, whereas Bukzeyeva used only larvae reared on artiÞcially infested logs. In this latter case, dimensions of the logs, density of Pissodes larvae on the artiÞcially infested logs, and changes in food quality caused by desiccation of the logs, faster than that of trees attacked in natural conditions, could have inßuenced the larval development of the weevil, as well as its body size, as it is true for other xylophagous insects (Shintani et al. 2003 , Hanks et al. 2005 .
